Introduction
The musculoskeletal and peripheral nervous systems occupy a crucial position in modern orthopedics, forensic anthropology and regenerative medicine. To reiterate their importance in medical history, numerous historical scientists including early Egyptians, Greeks, Romans and Persians described the anatomy and management of disease conditions associated with each region of the body. It is prudent to say that modern scientific achievements are indebted to the past [1, 2] . The objective of the current research is to investigate the accuracy and relevance of Avicenna's (AD 980-1037) anatomy of the musculoskeletal and peripheral nervous system and compare it to modern anatomy discourse.
Analysis of Avicenna's anatomical concepts as presented in the Canon of Medicine has become increasingly popular and several researches have been published to date [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Common findings from these researches point out to the relevance of Avicenna's anatomy and its place in revolutionizing modern medicine. Avicenna adopted the practical approach towards the descriptions of the human body and the associated diseases [1, 2, 15, 16] , which is the main scientific approach in modern medicine. In his treatise, Avicenna emphasized the importance of anatomy of the human body and encouraged physicians to consider the normal anatomy of organs in their diagnosis [1, 2, 9, 16, 17] . The current review was therefore intended to analyse and compare Avicenna's treatise on the anatomy of musculoskeletal and peripheral nervous systems presented in volume one and three of the Canon of Medicine [18] (and translated versions into English) [19, 20] with modern descriptions in extant medical anatomy literature. In addition Avicenna's description of anatomy within the context of temperament, structure and function are highlighted.
Avicenna and the Canon of Medicine
Avicenna (Ibn Sina) was born in AD 980, near Bukhara, Iran (now in Uzbekistan) and died in 1037 in Hamadan, Iran. He was a famous Persian Muslim physician and influential philosopher-scientist of the medieval Islamic world [21] . Avicenna was a gifted child who educated himself in various fields including medicine and philosophy. By the age of 10, Ibn Sina had become an expert in the study of the Quran and different earth sciences. He studied philosophy by reading various Greek, Muslim, and other texts and learned metaphysics and logic under teachers which he later surpassed [21] .
He continued self-education and by the age of 17 he had mastered Islamic law, medicine, and metaphysics [11, 21] . At the same age of 17, he was able to treat and cure the king of Bukhhara, Nuh Ibn Mansur (Noor Ibn Mansoor) of an unspecified illness considered incurable by all well-known physicians of the time [21] . In return, the king offered to reward Ibn Sina for his mighty work but he refused the prize and only asked to use the King's well stocked library. He contributed immensely to the fields of Aristotelian philosophy and medicine during his time [13, 21, 22] . Avicenna compiled his most influential book of medicine, the Al-Qānūn fī al-ṭibb (The Canon of Medicine) which is ranked amongst the most famous books in the history of medicine [11] .
The book is divided into five books which are categorized into separate disciplines of medicine and pharmacy. The anatomical concepts are distributed throughout the book, particularly in the first volume where most of the general anatomy is presented and the rest is presented together with sections describing signs and symptoms of diseases on various organs. The Canon of Medicine was translated into Latin by Gerard of Cremona in the 12 th century and into Hebrew in 1279 [3, 11, 17] . The book was adopted and became the main textbook of medicine in Western medical schools until late 1650 [17]. Avicenna compiled all the medical information available to him from his predecessors including Aristotle, Hippocrates and Galen, and added his own information gained from surgical practice and observations [17] . There is no consensus as to whether Avicenna performed human cadaver dissections or undertook it in secret considering that during his time human dissections were prohibited in the Muslim religion [17] . However, his findings about the human body were novel for his time. Avicenna recommended that physicians and surgeons base their knowledge on the anatomy of the human body. Avicenna stated, "I believe that at the beginning, pupils should learn the general principles of medicine, both in theory and in practice. Analysis of diseases which affect different organs will precede the methods of keeping these organs in sound health. To satisfy this, we must first study the anatomy of these organs" [18, 19] .
Skeletal system
General description on bones and joints Avicenna affirmed that bones and cartilages offer support and protection to body structures, vital organs and also facilitate movement. He distinguished compact bones from cancellous bones. Avicenna classified joints into four types, which include joints with a large and small joint space, embedded joints and sutural joints [19, 20] . This classification concurs with modern descriptions of synovial joints, gomphosis on alveolar surfaces and sutural joints respectively as shown in extant anatomical textbooks [23, 24] .
The cranium Avicenna indicated that the cranium was made up of several bones that varied in density. He noticed that skull bones were light in weight [19, 25] . The lightness of the skull bones was associated with reduced pressure on the brain. He stated that "The skull bones have been made spongy for the passage of vapours and so as not to be too heavy for the brain" [18] [19] [20] . He also noticed that skull bones have foramina for the passage of nerves and vessels to and from the skull. In addition, he described accurately the topography of the various bones of the skull vault including their articulations. He mentioned that:
"The frontal bone is located anteriorly; behind it are two parietal bones which are above the temporal bones and the occipital bone which is more compact and protects the back of the brain posteriorly" [18] [19] [20] .
In the Canon of Medicine, the individual sutures of the cranium were named and described accurately. The squamosal suture was regarded as a false suture that lacks serration but made up of overlapping temporal and parietal bones [19, 20] .
The spine Avicenna described the bones of the vertebra including their functional and biomechanical properties [3, 11, 14, 19] . He classified the spine into the cervical, thoracic, lumbar, sacral and coccygeal regions [19, 20] , based on the individual size and shape variation of each vertebra [3, 11] . This classification is widely accepted in modern anatomy literature. Avicenna critically examined the biomechanics and movements of the spine and also disorders associated with it such as kyphosis [3, 11] . He described the 10 th thoracic vertebra as the center of rotation of the vertebral spine [11] .
The rib cage and sternum Avicenna mentioned that the skeletal components of the rib cage protect the respiratory organs, heart, upper part of the stomach, and the intestines [18] [19] [20] . He further specified that the rib cage was expandable, thereby increasing the diameter of the thorax during inspiration and stomach distension. He noticed that the upper seven ribs were attached to the sternum anteriorly and suggested that the arrangement is crucial for the support of the vital thoracic organs [19, 20] . Avicenna described the ribs attached to sternum (true ribs) separately from those that are not associated with the bone (false ribs) [18] [19] [20] . His classification of ribs complemented the modern classification into true ribs (from ribs number 1 to 7) and false ribs (from rib number 8 to12). In addition, Avicenna described accurately the location of the articular tubercle of the rib on the angle of each rib.
In the Canon of Medicine the sternum was described as a flat bone with an outer layer of cortical bone and a core made of cancellous bone [18] [19] [20] . Avicenna acknowledged that the cartilaginous joints between various parts of the sternum facilitate thoracic expansion during respiration [19, 20] . He also mentioned a cartilaginous process of the sternum (xiphoid process) and its functions in protecting the epigastrium. In modern anatomy the complete ossification of joints between various sternebrae is attained at the age of 25 years [23, 24, 26] and hence before then the sternum consists of separate bones.
The clavicle and scapula Avicenna described the clavicle as having both convex and concave parts at its medial and lateral ends respectively. He stated that the hollow space behind the convex inner part of the medial aspect of the clavicle acts as a passage-way for neurovascular structures extending and from the head [18] [19] [20] . In modern anatomy, the medial convex inner space of the clavicle protects the contents of the carotid sheath [23] . Avicenna described the scapula as thin and flat bone medially and thick on the lateral edge where the bone articulates with the rounded head of the humerus [19, 20] . He described the acromion and the coracoid processes of the scapula and suggested that their functions were to prevent dislocation of the shoulder joint [20] . According to Avicenna, the scapula serves two functions related to the protection of the chest wall posteriorly and facilitation of movement of the arm [18] [19] [20] . These descriptions of the scapula are congruent with the modern anatomy literature and additionally the scapula offers attachments to muscles related to the arm and the trunk.
The humerus and the shoulder joint Avicenna described the humerus in agreement with modern anatomy whereby the humerus forms the arm bone with a convex head, a shaft and a distal part with prominences. He described the shoulder joint as a loose movable joint which is often dislocated [19, 20] . He also described four ligaments contributing to the strength and stability of the shoulder joint including the joint capsule. On the distal portion of the humerus, Avicenna noted that the medial prominence was not involved in the joint formation of the elbow but was rather responsible for protecting nerves and vessels [18] [19] [20] . The most important structure at this level is the ulna nerve which passes posterior to the medial epicondyle of the humerus to enter the forearm [23] . Avicenna described the lateral prominence, the anterior and posterior depressions (which can be inferred to the olecranon and coronoid fossae in modern anatomy) and their involvement in the formation of the elbow joint. He classified the elbow joint as hinge joint, a classification which still holds in modern anatomy literature.
The radius and ulna Avicenna indicated that the forearm consists of two bones joined together along their length by a membrane. He noted that the radius allows supination and pronation rotation of the forearm, whereas the ulna participates in flexion and extension of the elbow joint [9, 18, 19] . In addition, he mentioned the head of the radius contains a depression that articulates with the lateral prominences (capitulum) of the distal humerus and is held in place by a ligament [19, 20] . He described the proximal portion of the ulna bone and its capacity in limiting hyperextension of the elbow. Distally, the styloid processes of the both the ulna and radius were described and their contribution to the attachment of ligaments that support the wrist joint was specified.
The wrist and hand Avicenna mentioned that there are seven carpal bones arranged in two adjoining rows in the wrist with the proximal row containing three bones, while the distal row consists of four bones. He noted that bones in the proximal row articulate with the distal ends of both the radius and ulna; participate in flexion and extension of the wrist joint [18] [19] [20] . He further described the eighth bone of the wrist, the pisiform, as a bone located out of the general alignment of the wrist bones and only offers protection to the ulna nerve [18] [19] [20] . Avicenna's description of the articulation at the wrist joint was not entirely accurate. The ulna bone does not participate in the wrist joint but rather articulate with the distal portion of the radius proximal to the wrist joint [23] .
Avicenna mentioned the correct number of metacarpals and phalanges of the hand and provided insights into their structure and function [9] . He stated that "Metacarpals provide a concave surface for the hand that enables the hand to retain liquids and firmly surround objects" [18] [19] [20] . In addition, Avicenna provided reasons as to why there should be only three phalanges in each finger except the thumb. He argued that:
"If there had been more than three phalanges, the fingers would have obtained a greater range of movement but they would be weakened in strength.
If the phalanges had been two, the fingers would have become stronger but the range of movement would have been restricted; while the fingers need greater movement and nominal strength" [18] [19] [20] . Avicenna described the position of the thumb as being appropriate for apposition with other fingers; aiding in grasping objects [18] [19] [20] .
The pelvic bones Avicenna described the pelvic bones as forming a bony ring; constituted posteriorly by the sacrum, laterally by the two hip bones and anteriorly by the fusion of the two pubic bones. In addition, he identified and described the three parts of the hip bone and their articulations as follows: [18] [19] [20] . Avicenna incorrectly described the acetabulum as a feature of the ischium bone alone; instead it is borne by all three parts of the hip bone.
"The iliac bone lies outwards and articulates posteriorly with the sacrum; the pubis lies anteriorly and articulates with the bone of the other side through a strong joint, and the ischium lies posteromedial to the ileum and contains the acetabulum, a depression which articulates with the convex head of the femur"
The thigh and knee joint Avicenna indicated that the femur is the largest bone of the body, which is in agreement with modern anatomy. He described the articulation of convex head of the femur with the acetabulum of the hip bone. He described the lateral convexity and medial concavity of the shaft of the femur of which he ascribed the medial concavity to the protection of nerves and vessels from direct impact [18] [19] [20] . Distally he described the femoral condyles and their articulation with the tibia to form the knee joint. Avicenna mentioned that the knee joint was strengthened by an internal ligament and two external ligaments located medial and lateral to the joint. Modern anatomy describes two internal ligaments consisting of the anterior and posterior cruciate ligaments, while the external ligaments consist of medial and lateral collateral ligaments [23] . The patella was described as an oval bone that protects the knee joint anteriorly.
The tibia, fibula and the foot Avicenna indicated that the fibula is a small bone of the leg located lateral to the tibia and does not articulate with the femur at the knee joint but participates in the articulations at the ankle joint [18] [19] [20] . He further described the skeleton of the foot and its adaptions to standing and grasping on uneven surfaces. He mentioned that the foot is made up of 26 bones consisting of 7 tarsals, 5 metatarsals and 14 phalanges [18] [19] [20] . He also noted the presence of a variable number of sesamoid bones in the foot. He described and named the talus, calcaneus and cuboid accurately including the joints they make.
Muscular system
Avicenna described both the functions of the muscles in producing movement and the action of nerves on muscle contraction and relaxation. But he did not precisely describe the muscle attachments and/or their nomenclature. The most significant finding was the differentiation of nerves, tendons and ligaments [9, 12, 20, 27] contrary to Galen's earlier assumptions that nerves and tendons were of the same nature [28] . Avicenna stated that: [18] [19] [20] . The muscles of the head and neck region Avicenna described the muscles that effect facial movement including dilators and constrictors of orifices such as the orbit, oral cavity and nostrils; and muscles that wrinkle the skin of the face. He noted that facial muscles do not have bony attachments but rather are inserted into the skin. Within the orbit, Avicenna described the six extraocular muscles including their functions which include elevation, depression, adduction, abduction, and rotation of the eyeball [17] [18] [19] [20] . He also mentioned the relationship between the common tendons of origin of some extraocular muscles with the optic nerve [18] [19] [20] .
Avicenna described the temporalis muscle and its function in elevating the lower jaw. In addition, he described the digastric muscle, its attachments and actions including in association with other infrahyoid muscles [18] [19] [20] . Muscles associated with the larynx were also described in the Canon of Medicine, but their names were not provided [7, 10, 29] . Avicenna described the actions of the salpingopharyngeus and palatoglossus in elevating the larynx and pharynx during deglutition [18] [19] [20] .
The thoracic muscles Avicenna described primary and secondary respiratory muscles, particularly those involved during forced respiration. He asserted that respiratory muscles act by expanding and contracting the thoracic wall [18] [19] [20] . He described the intercostal muscles as primary muscles of respiration and further expanded on the obliqueness of the fibers of the inner thoracic muscles. He also described secondary respiratory muscles as those muscles attaching the scapula and the cervical vertebra to the thoracic wall.
The limb muscles
Avicenna described the muscles of the upper limbs according to the segment, muscle groups and the joints they act upon [9, 18, 20] . He described five adductors and five abductors of the arm region. The abductors of the arm were described as muscles originating from the scapula and inserting on the humerus. The forearm muscles were described and grouped as extensors, flexors, supinators and pronators. Avicenna distinguished the extrinsic and intrinsic muscles of the hand; extrinsic muscles have their origins in the forearm, whereas intrinsic muscles are integral to the hand. He noted that the18 intrinsic hand muscles and finger flexors were arranged in superficial and deep layers [9, [18] [19] [20] . In the lower limbs, Avicenna described the flexors and extensors of the thigh region [18] [19] [20] . He also mentioned knee flexors and extensors, and the insertion of knee joint extensors into the patella. The muscles of the foot were described as 'foot raisers', located anterior to the leg and 'foot depressors' located posterior to the leg; inserting through the achilles tendon [18] [19] [20] . His description of the movements of the foot corresponds with plantar and dorsiflexors respectively found in modern literature.
Nervous system
The cranial nerves Most of Avicenna's descriptions on the structure and function of nerves was adopted from Galen (AD 130-199). Hence, Avicenna considered nerves as hollow and distributing "animal spirit" to the various parts of the body [18, 19, 30] . He also considered nerves to be either hard (motor) or soft (sensory) in consistency, and regarded their functions as such. Based on the premise of hollow nerves, Avicenna erroneously considered the olfactory tracts as excretory channels to facilitate the removal of waste from the brain ventricles [18] [19] [20] . Avicenna proposed that cranial nerves consisted of seven pairs of nerves excluding the olfactory nerve [18-20, 30, 31] . He identified, enumerated and characterized the cranial nerves based on the foramen through which they exited the skull [31] . Avicenna described the optic nerve as the first pair of cranial nerves; partially crossing at the optic chiasma and penetrating into each eyeball. The oculomotor nerve was described as the second pair of nerves and innervated the extra-ocular muscles [18] [19] [20] . The trigeminal nerve and its divisions were described as the third and fourth pairs of cranial nerves; representing the sensory and motor roots respectively. The facial and vestibulocochlear nerves were regarded as the fifth pair. The trochlear and the abducens nerves were not mentioned.
The sixth pair of cranial nerves consisted of three functionally distinct nerves; all traversing the skull though the jugular foramen [18] [19] [20] and these correspond to the glossopharyngeal, vagus and spinal accessory nerves in modern terminology [32] . He described one component as supplying the root of tongue and the pharynx (glossopharyngeal nerve), the second component descending to the shoulder joint to supply the flat muscles of the scapula (the spinal accessory nerve) and the third component (vagus nerve) supplying the structures of the larynx. He also noted that the vagus nerve distributes to the viscera in the thorax and abdomen. Avicenna described the seventh pair of cranial nerves (hypoglossal nerve) distributing to the muscles moving the tongue.
The spinal nerves Avicenna mentioned that spinal nerves originate from the spinal cord and convey motor and sensory components of the nervous system. He indicated that the motor and sensory roots of spinal nerves originated separately from the spinal cord and that the spinal cord consisted of two separate parts: the "hard and soft" (motor and sensory respectively) [18] [19] [20] . The spinal nerves were grouped into cervical, thoracic, lumbar, sacral and coccygeal nerves; a grouping based on vertebral regions. Avicenna described the innervation of the thoracic intercostal muscles and abdominal muscles. He also described the lumbar sacral plexus and its distribution to the muscles of the lower limbs.
Discussion
Medieval scholars immensely contributed to the growth of existing medical knowledge by modifying and enriching with continuous addition of their research findings [15] . Anatomy knowledge in particular was regarded as the license towards surgical practice and the learning of practical anatomy was emphasized [17] . However, there is no known evidence pointing to Avicenna having performed human cadaver dissections. His anatomy concepts are significantly compared with modern anatomy, although with minor differences which can be attributed to the lack of sophisticated equipment to clearly delineate the intricate structures of the human body. In the current review it can be deduced that Avicenna gathered his information on the human through the examination of human skeletons and/or performing animal dissections. In the skeletal systems, Avicenna accurately described the number of bones in each region, the articulations they make, the type of articulations and bone prominences. In modern anatomy the classification of bones, characterization of their projections and muscle insertion points, and joint classification are paramount for understanding body movements and functional biomechanics [23, 26] . Avicenna also highlighted the importance of bone curvatures in protecting vital neurovascular structures, particularly the clavicle and femoral bones. The functional arrangement of bones in the wrist and the hand in facilitating flexion and grasping movements is also emphasized in both the Canon of Medicine and the modern literature.
In the Canon of Medicine, the muscles of the human body were grouped according to their functions, i.e. the extensors versus the flexors, muscles of facial expression, muscles of respiration and muscles moving the eyeball [18] . This classification is still in use today and is important in the diagnosis of injuries to certain groups of muscles. Most importantly Avicenna distinguished nerves, tendons and ligaments. This also helps in the surgical management of disorders associated with structures, such as nerve suturing and tendon and ligament repair; both surgical techniques are reported in the Canon of Medicine [9, 18] . Regenerative medicine is one of the fast growing disciplines of medicine and injured peripheral nerves are sutured and repaired, although the success of re-innervating the target structures is low [33] . Lastly, Avicenna delineated motor fibers from sensory fibers in mixed nerves; an arrangement he observed in both cranial and peripheral nerves. He also enumerated cranial nerves and tracked most part of their courses and target organs. Innervation of body structures is important towards understanding their functions and also in pain management.
In conclusion, although the information was written approximately 1000 years ago in the 11 th century, Avicenna's anatomy information is still valid in the modern day and has revolutionized numerus applied subjects on the musculoskeletal system.
